ABSTRACT: The general topic of this review is protein-based underwater adhesives produced by aquatic organisms. The focus is on mechanisms of interfacial adhesion to native surfaces and controlled underwater solidification of natural waterborne adhesives. Four genera that exemplify the broad range of function, general mechanistic features, and unique adaptations are discussed in detail: blue mussels, acorn barnacles, sandcastle worms, and freshwater caddisfly larva. Aquatic surfaces in nature are charged and in equilibrium with their environment, populated by an electrical double layer of ions as well as adsorbed natural polyelectrolytes and microbial biofilms. Surface adsorption of underwater bioadhesives likely occurs by exchange of surface bound ligands by amino acid sidechains, driven primarily by relative affinities and effective concentrations of polymeric functional groups. Most aquatic organisms exploit modified amino acid sidechains, in particular phosphorylated serines and hydroxylated tyrosines (dopa), with highsurface affinity that form coordinative surface complexes. After delivery to the surfaces as a fluid, permanent natural adhesives solidify to bear sustained loads. Mussel plaques are assembled in a manner superficially reminiscent of in vitro layer-by-layer strategies, with sequentially delivered layers associated through Fe(dopa) 3 coordination bonds. The adhesives of sandcastle worms, caddisfly larva, and barnacles may be delivered in a form somewhat similar to in vitro complex coacervation. Marine adhesives are secreted, or excreted, into seawater that has a significantly higher pH and ionic strength than the internal environment. Empirical evidence suggests these environment triggers could provide minimalistic, fail-safe timing mechanisms to prevent premature solidification (insolubilization) of the glue within the secretory system, yet allow rapid solidification after secretion. Underwater bioadhesives are further strengthened by secondary covalent curing. 
INTRODUCTION Without trying hard, dozens or more organisms could be identified in a clear-running mountain stream that use bioadhesives to support their aquatic lifestyle. Caddisfly larva would be prominent amongst them. 1 The majority of the caddisfly lifecycle is spent in the larval stage feeding below the surface of freshwater lakes and streams. After pupating underwater, they emerge as aerial adults to mate briefly and reinitiate the cycle. The feeding larvae make varied use of sticky underwater silk to exploit their habitats. Some live in stationary retreats constructed with sticky silk and gathered rocks, leaves, or sticks. The remarkable composite structures are often equipped with underwater silk webs to capture prey from water channeled through the retreat. Others species are mobile foragers, their soft abdomens protected by armored cases built by taping together small rocks with their sticky silk (Fig. 1) . Some case-maker species build with sticks, or leaves, cut to size and assembled into speciesspecific shapes, from conical tubas to square clarinets.
The beach is likewise a smorgasbord of invertebrate animals glued to wet surfaces: mussels hang on with a handful of hightech threads constructed to mitigate the mechanical mismatch between hard rock and soft invertebrate body, 2 armor-plated acorn barnacles glue calcareous base plates to rocks, pilings, and boat bottoms to the consternation of the maritime industry, 3 and sandcastle worms live in tubes assembled with sand, shell fragments, and dabs of underwater proteinaceous glue, 4 conjoined with other tubes into reef-sized sandcastles. Conus snails anchor precious egg capsules onto an adhesive base, 5 flagellated zoospores of brown algae (kelp) glue themselves to selected surfaces to begin the gametophyte stage of the lifecycle, 6 and starfish mosey along on temporary adhesive footprints. 7 The surfaces with no macroorganism inhabitants are covered with communities of microbes that have attached themselves in complex, biomacromolecule-structured biofilms. 8 Like aquatic macroorganisms, their reproductive success depends on stably positioning themselves in suitably resource-rich environments. There are other uncounted, unpublicized organisms that produce natural underwater adhesives; all have evolved separate and distinct working solutions for their particular underwater bonding requirements.
Humans could find many uses for effective underwater adhesives-attaching sensors, beacons, or ordnance under the waterline, stopping watery leaks, and in medicine, repairing wet living tissues. Synthetic adhesives developed for dry applications perform poorly on wet surfaces, or under water. Adhesive technologists who have adapted cyanoacrylates, epoxies, and other synthetic adhesives for underwater applications may marvel at the numerous solutions to the problem of underwater bonding apparent in nature. On the other hand, those who have spent their careers trying to prevent proteins from sticking to medical implants in wet physiological environments may wonder ''What wet adhesion problem?.'' Robust, nonspecific adsorption of proteins to clean wet surfaces is not rare in their experience and does not require unique proteins or special chemistries. Synthetic adhesives, even underwater, can have bulk cohesive strength much greater than natural underwater adhesives, but eventually fail due to poor interfacial adhesion in the presence of water. [9] [10] [11] Most proteins adhere strongly to wet interfaces, but generally in monolayers, 12 and are poor glues 13 when wet. Even natural protein-based underwater adhesives are not particularly impressive for their bond strength, a few hundred kP a . Wilker's group found the tensile strength of mussel adhesive plaques (288 6 110 kPa on Al) to be about 1/3 that of Elmer's white glue (polyvinylalchohol) and 1/30th that of household superglue (ethylcyanoacrylate). 14 In overview, detailed discussion is limited to permanent underwater bioadhesives produced by a few paradigmatic species that well illustrate the diversity of function and chemistry of natural underwater adhesives, yet at the same time allow common features to be highlighted. Accounts of numerous other biological adhesives under study, aquatic and terrestrial, are available. [15] [16] [17] Effective underwater bonding requires robust interfacial adhesion to wet native surfaces with little, if any, surface preparation, deposition of the adhesive onto sites often completely submerged in water, and controlled solidification after deposition for sufficient cohesive strength to resist loading. Each of these aspects of underwater adhesion will be discussed.
INTERFACIAL CHEMISTRY: ADHESION

Native Surfaces
The major challenge of adhesive bonding is weak layers of contaminants between adhesive and adherend that prevent direct chemical contact. 18 Professional bonders, such as the engineers who glue cars and jets together, use energy intensive processes, such as plasmas and highly reactive chemical etchants, to create clean high energy surfaces. Interfacial adsorption of an adhesive reduces the surface energy of the adherend, which provides a driving force for adhesion. The problem of surface contamination is nowhere more acute than in natural aquatic environments. Unlike the high-energy surfaces in clean rooms and drawings, the surfaces of metal oxides, clays, and other minerals in water are populated with a varied mix of adsorbed ions, ionic complexes, organic polymers, and microbial biofilms. Interfacial forces create an electrical double layer, drawing ions into the tightly bound Stern layer and a diffuse outer ionic cloud. Free biopolymers can adsorb on top of the ion-populated interface, and/or displace adsorbed ions. Accumulation of these species and continuous ion exchange processes lower the interfacial energy, creating a dynamic chase around an elusive equilibrium with minimal interfacial energy. These are the native surfaces on which aquatic organisms live or die.
How do underwater animals adhere to low energy native surfaces equilibrated with their immediate environment? There are two extreme scenarios: The animals ''clean up'' the surface by expending metabolic energy to chemically or physically remove the adsorbed layers to increase the interfacial energy for better adhesion. Or, natural bioadhesives are adapted to adhere to native low energy surfaces. The first scenario seems physically and metabolically improbable due to the energetic costs but not out of the question; there are numerous marine species, 19 including bivalves 20 related to the common blue mussel, and sabellid tubeworms 21 related to sandcastle worms that chemically bore tubes into calcium carbonate rocks with acidic secretions. Although it is apparently biologically possible, to our knowledge, no evidence has been reported that mussels, barnacles, or sandcastle worms prepare surfaces for bonding by acid treatment. The second scenario seems more likely given the ubiquity of fouled surfaces in natural aquatic environments and that aquatic animals evolved in their midst. Natural underwater adhesion to low-energy native surfaces may be fundamentally a process of ion and ligand exchange; the sidechains of adhesive proteins displace surface adsorbed water, ions, and weakly bound polyions that are ubiquitous in natural water.
Surface Charge and Electrical Double Layer of (Hydr)oxide Surface Aquatic organisms can adhere to natural organic substrates as evident by the presence of barnacles on the bottoms of wooden boats and the backs of whales. In the laboratory, aquatic organisms will adhere to substrates not commonly found in nature, such as Teflon (polytetrafluoroethylene), paraffin wax, 14, 22, 23 self-assembled monolayers with surface energies designed from high to low, 24, 25 and fouling-release polydimethyl siloxanes. 26 In laboratory experiments, marine organisms given a choice of substrate seemed to prefer higher energy hydrophilic surfaces over lower energy hydrophobic surfaces. 27, 28 The bond strengths, in the few cases they were estimated, were lower on low energy surfaces. 14, 26 For the most part, though, aquatic organisms in nature adhere to, or join together ''rocks,'' which are comprised of one or more minerals. It is therefore appropriate to focus on mechanisms of adhesion to common minerals in the environment.
The most common rock-forming minerals encountered by aquatic organisms are silicates-silicon oxides ([SiO 4 ] 4À , [Si 2 O 7 ] 6À , or Si 2 O 5 ) joined by interstitial metal cations, predominantly Al, Mg, Ca, and Fe-and metal oxides, predominantly of Al and Fe. Carbonate minerals, geologic and biogenic, are also common in the marine environment. In natural waters, pristine oxide minerals rapidly acquire surface charge through several mechanisms. The metal ions in the surface layer have a reduced number of coordination bonds compared with those in the interior and hence behave as Lewis acids capable of coordinating with Lewis bases. In pure water, most are hydroxylated by the dissociative coordination of water molecules. 27 The resulting metal hydroxides are amphoteric with pH-dependent surface charge: positive at low pH, negative at high pH (Fig. 2) . Silanol groups on the surface of silica are likewise amphoteric. As a consequence of the surface acid-base chemistry, there is a characteristic pH value, referred to the pristine point of zero charge (PPZC), at which the net charge of the mineral surface is neutral. Depending on pH, a (hydr)oxide surface can therefore interact with both Lewis acids and bases, or anions and cations. Surface charges can also arise at lattice imperfections due to isomorphous replacement of constituent metal ions with metal ions of different charge. By any mechanism, surface charge results in the formation of an electric double layer-enrichment near the surface of ions with charge opposite to the surface charge and depletion of ions with the same charge, establishing and maintaining overall electrical neutrality of the ion cloud (Fig. 3) . Generally, the formation of the electric double layer is due to the balance of electrical attraction and repulsion and entropy, which tends to scatter ions evenly throughout the liquid phase.
In natural waters that contain numerous dissolved ions, inorganic and organic, interfacial equilibrium is not established by the simple creation of the electric double layer; numerous other ''specific adsorption'' reactions occur in which the interactions between dissolved ions and the surface are predominantly chemical rather than coulombic. Ions that form specific coordination complexes in solution are capable of forming similar complexes with the same chemical groups on metal (hydr)oxide surfaces. 28 This is illustrated by the general trend of the measured surface complex equilibrium constant to be similar in magnitude to the solution complex equilibrium constant for a series of acids (Fig. 4) . Monobasic phosphate is a notable outlier; it tends to form more stable surface complexes than solution complexes with a-FeOOH (goethite).
Several mechanisms of complex formation on a mineral hydroxide surface are diagrammed in Figure 2. (1) Acid-base chemistry of surface hydroxyls creates pH-dependent charge. Natural adhesion to low energy native surfaces is likely dominated by the displacement of surface bound ion and ligands by the sidechains of adhesive proteins. The driving force for ligand exchange reactions is a decrease in free energy:
where DH ex and DS ex are the enthalpy and entropy of the exchange process and K ex is the exchange equilibrium constant defined, for scheme 6, as:
where { } denotes the surface concentration (mol/m 2 ), and [ ] 0 denotes the solution ligand concentration (mol/L) in the immediate vicinity of the surface, where the electrical potential is / 0 . The concentration of the ligands next to the surface is related to the bulk solution ligand concentration by Boltzmann's law, hence, the exponential terms where zF is the ligand charge in Coulombs. In the parlance of ion exchange chromatography, the exchange equilibrium constant is referred to as a ''selectivity coefficient,'' defined as the ratio of the ligand affinities for the surface site. 29 The change in free energy depends on the chemical nature of the surface binding site, the competing ligands, and the hydration shell around them. Ions influence the structure of water differently with important consequences; so-called kosmotropes 30 order water, while chaotropes disrupt water structure. 31, 32 In general, small ions attract water dipoles more strongly than larger ions of the same charge, thus, creating a more oriented hydration shell than larger ions. The Jones-Dole viscosity B coefficients (Table 1 ) are a direct measure of an ion's kosmotropy (B > 0) or chaotropy (B < 0) and are linearly related to ÀDS solvation . 33 Hence, hydration entropy is negative for small ions and positive for large ions. The sign of the ionic charge is critical as well. Comparing F À and K þ , ions with similar radii, the hydration entropy of the anion is negative, and of the cation positive. Large or weakly charged ions are surrounded by a hydrogen-bonded water cage and, when paired with another large ion of opposite charge, often form insoluble salt due to hydrophobic-like attractions. 33 Similar effects are expected in the surface binding site-ligand interactions: the low solubility of large ion salts translates to a stronger ligand binding to the surface site if the appropriate pairing is available. The entropic contribution to the free energy of ligand exchange depends on the difference between the ways in which the water molecules are patterned around the ligands. The release of highly ordered, or H-bonded water molecules around the ligand will increase the entropy of the system. Phosphate, for example, ranks high on the viscosity B coefficients list (Table 1) ; its affinity for a solid-liquid interface, whether as a small ion or as part of a macromolecule, is in part driven by the release of a highly ordered shell of water. 
FIGURE 4
Relationship between complex formation in solution and at metal oxide surfaces. Ligands that form stable complexes in solution will form similarly stable complexes with the same groups at a surface. Open symbols: a-FeOOH, closed symbols: c-Al 2 O 3 . Reproduced with permission from Croatica Chemica Acta.
Polymeric Surface Contaminants
In addition to simple and complex ions, natural waters contain ubiquitous biopolymeric substances, collectively known as humic and fulvic acids, that originate from the decomposition of plant and animal matter. These are complex mixtures of polydisperse compounds with poorly defined structures, ranging in molecular weight from hundreds to tens of thousands, containing carboxyl, hydroxyl, methoxyl, phenolic, catechol, and aliphatic moieties. 34 They are surface activeaccumulate at interfaces between phases-through several mechanisms, including electrostatic association, surface complex formation, and hydrophobic interactions. 35, 36 The multitude of functional groups also creates abundant opportunity for metal ion complexation and chelation by the surface adsorbed polymers, effectively concentrating metal ions at the interface. 34 Another category of ubiquitous surface-associated biopolymers are produced by sessile microbes. These sometimes elaborately structured, almost tissue-like biofilms are predominantly comprised of anionic exopolysaccharides, but also contain proteins, and extracellular DNA. 37, 38 Calcium and magnesium cations are also abundant and are critical for biofilm architecture.
Adhesive Protein Adsorption in Natural Waters
How do the adhesives of aquatic organisms adhere to, or penetrate the ionic and polyelectrolyte clouds near native, low-energy, mineral surfaces? The chemical nature of the amino acid sidechain functional groups and their effective concentrations in the proteins that make contact with the surface probably play a dominant role. In addition to the genetically encoded amino acids (Fig. 5, top row) , amino acids with post-translationally modified sidechains (Fig. 5 , bottom row) are extensively used ( Table 2 ). The mussel adhesive plaque proteins 49 found at the interface with the substrate are illustrative: mfp-3 contains 20 mol % hydroxylated tyrosine (dopa) and 19 mol % 4-hydroxylated arginine; mfp-5 contains 25 mol % dopa and 10 mol % phosphorylated serine (pSer). 46 The proteins are polybasic. The sandcastle worm also exploits modified sidechains. On the whole, the glue contains 2-3 mol % unoxidized dopa and $30 mol % pSer. [50] [51] [52] The phosphoserines occur in the Pc-3 set of proteins, at up to 80 mol %, in runs of 4-13 residues separated by single tyrosine residues, which may be hydroxylated to form dopa. The sandcastle glue also contains at least three dopa-rich, basic proteins, Pc-1, -2, and -5. It is not known whether any of the proteins are strictly interfacial. Similarly, the sticky underwater silk of aquatic caddisflies, on the whole, contains 10 mol % pSer, which occur in the silk heavy chain protein (H-fibroin) as repeating blocks of (pSerX) 4 . The H-fibroins also contain $15 mol % basic residues, mostly arginine that occur in blocks that alternate with the pSer blocks. 48 The cement proteins of acorn barnacles are exceptional in that they have been reported to be unmodified post-translationally, but unexceptional in having a preponderance of polar residues. 47, 53 The proposed surface primers, Cp19k and Cp20k, have nearly balanced acidic and basic residues and have slightly acidic isoelectric points (Table 2) .
Of the several amino acid functionalities at the adhesive interface, the catechol sidechain of L-dopa has received, far and away, the most publicity as a biomimetic adhesion promoter. [54] [55] [56] [57] [58] The adsorption mechanism of catechols and catechol derivatives on metal oxide surfaces has been well studied. Comparisons of infrared (IR) spectra of catechol complexes in solution with spectra of catechols adsorbed to thin metal oxide surface layers revealed that catechols adsorb by ligand exchange of coordinated water and hydroxyl ions to form bidentate inner sphere complexes. 59, 60 As such, they are logical underwater adhesion promoters. 61 Other adsorption studies established that the ortho-dihydroxy configuration is necessary for strong absorption; metaor para-dihydroxybenzenes do not adsorb appreciably, nor does L-tyrosine or L-phenylalanine.
62,63
The adsorption of L-dopa onto TiO 2 surfaces has also been measured mechanically by atomic force microscopy (AFM). 64 Polyethylene glycol-passivated AFM tips, modified with a low density of L-dopa, repeatedly brought into contact with a thin TiO 2 layer on a silicon surface, then retracted, displayed consistent elastic extension events followed by abrupt detachments. The mean detachment force at neutral pH from dozens of events with the same tip and presumably the same single L-dopa molecule was 805 6 131 pN at a 60 nN/s loading rate. Mechanical measurements of catechol adhesion to TiO 2 have also been made using a reversed experimental set-up. 65 A series of dopamine methacrylamide-co-butylamine methacrylamide copolymers, with sidechain concentrations ranging inversely from 0-100 mol %, were adsorbed at low density onto a TiO 2 substrate and probed with a TiO 2 -coated AFM tip. After an initial contact adhesion force was overcome, a constant force plateau was observed on further retraction of the AFM tip from the copolymer-coated surface. The force profiles were interpreted as a saw tooth pattern (hidden in the thermal noise) arising from the peeling off of a single copolymer, sequentially resisted by individual catechol surface bonds. The mean adhesion force at the plateau, 67 6 11 pN, an order of magnitude lower than the earlier measurements, was independent (except for 0 mol %) of the catechol sidechain concentration.
Phosphate is not generally thought of as a biomimetic adhesion promoter, though it is becoming increasingly apparent that phosphoserines are more common in underwater bioadhesives, freshwater, and marine, than dopa. In addition to mussels, 66 sandcastle worms, 52 and caddisfly silk, 48 peptidyl phosphate also occurs in the sticky defensive secretion of sea cucumbers, 66 and kelp spore adhesive. 6 The strong and water-resistant adsorption of phosphates (and phosphonates) to surfaces has long been appreciated in several industries: water-borne latex paints contain polyphosphates to promote wet adhesion and scrub resistance, 67 dental materials contain phosphates to adhere to dentin and enamel, 68, 69 and phosphates are widely used to inhibit corrosion of iron, steel, and aluminum. 70 Surface modification of metal oxides with alkyl phosph(on)ates has been extensively investigated 71 as a means of forming self-assembling REVIEW DNA sequences deposited in Genbank, Cp-52k and Cp-68k [42] , and Caddisfly larval silk [41] . The mol % modified residues is shown under the mol % unmodified residues determined from DNA sequences.
FIGURE 5
Amino acid sidechains. Top row: standard genetically encoded amino acids. Bottom row: post-translationally modified amino acids found in natural underwater adhesives. The numbers below the three-letter code are the sidechain pK a values for the free amino acids 39 and pK a2 for the phosphoserine. The pK a values can vary dramatically due to the local environment.
monolayers with high hydrolytic stability. 73, 73 Nonfouling surfaces have been created by anchoring polyethylene glycol (PEG) to TiO 2 surfaces through poly(alkyl phosphonate). 74 Glycans modified with alkyl phosphonate tails were arrayed on AlO 2 -coated glass slides by a simple spotting procedure for high-throughput screening of protein carbohydrate interactions. 75 Environmental scientists interested in the disposition of phosphorus fertilizers in the environment have created a ripe literature on the adsorption mechanisms of phosphates onto metal oxide minerals. As revealed primarily by surface sensitive IR spectroscopy techniques, phosphates, at subsaturating concentrations, adsorb onto metal (hydr)oxide surfaces as inner-sphere, bidentate complexes (Fig. 3) over a broad pH range. [76] [77] [78] [79] In the pH range 4.0-7.5, phosphate adsorption onto goethite particles (FeO(OH)) was independent of ionic strength up to 0.8 M NaCl, the highest concentration tested. Above pH 7.5, phosphate adsorption increased with increasing ionic strength. 80 Above the point of zero charge (pH 9.2), where goethite has a negative surface charge, phosphate adsorbed against repulsive coulombic forces. High salt concentrations may shield the repulsive electrostatic forces. 81 The ionic strength and surface charge independence is further evidence the predominant phosphate complex is more coordinative in nature than electrostatic, observations that are of particular relevance for peptidyl phosphates as adhesion promoters in marine bioadhesives.
Competitive adsorption studies of phosphate with several chemically distinct compounds further illustrate why phosphates may be a common adhesion promoter in natural adhesives. Phosphate competed effectively with equal concentrations of catechol for adsorption onto aluminum (hydr)oxide, suppressing catechol adsorption from 25-50% depending on the mineral crystal form, suggesting similar affinities. 59 It follows that a polyphosphate, with a high local effective concentration of phosphate groups, may be able to displace even a bacterial biofilm surface anchored through catechol containing siderophores. 82 Sulfate adsorption to goethite is ionic strength dependent, demonstrating the predominantly electrostatic character. Sulfate competes poorly with phosphate below pH 6 and does not compete at elevated pH as the surface becomes more negatively charged. 83 The implication is that a phosphorylated protein may readily displace surface-bound sulfated exopolysaccharides, seaweed-derived carrageenans for example. Citrate, a tricarboxylic acid, likewise competes weakly with phosphate for adsorption to goethite below pH 7. 84 Exopolysaccharides with carboxylate groups may be displaced by phosphoproteins.
The high concentrations of basic amino acids, positively charged at neutral pH, suggest an important role in adhesion. The imidazole sidechain of histidine is the most chemically versatile of the basic residues. With nominal pK a 6-7, the sidechain can change from being positively charged to uncharged within a pH range spanning neutral pH. 85 A second significant character of histidines is their ability to form metal coordination complexes at pH above the sidechain pK a , 86 as attested by the well-known practice of attaching histidine peptide tags to recombinant proteins to facilitate purification on immobilized metal ions, such as Ni(II) chelated to nitrilotriacetic acid groups. 87 The enthalpies of metal complexes of Co, Ni, Cu, and Zn with L-histidine (M(II)(His À ) 2 ) are between À10 and À22 kcal/mol. 86 Similar histidine-metal ion coordination complexes would also form when the metal ions are liganded to the surfaces of clays, zeolites, and silica [88] [89] [90] or are complexed with surfaceadsorbed humic acids.
The adsorption of lysine and arginine onto oxide particle surfaces and biopolymer surface films, most of which are negatively charged at neutral pH values, appears to be primarily electrostatic. Adsorption of free lysine adsorbed from neutral pH solution onto a clay silicate (montmorillonite) and TiO 2 is driven primarily by electrostatic interactions based on the similarity of IR spectra of free and adsorbed lysine 92, 93 with a binding free energy of several kJ/mol. 93, 94 Arginine interactions with apatitic phosphates are largely mediated by electrostatic interactions through the positive charge on the guanido sidechain (pK a 12.5) as well as H-bonding.
95,96
Synergistic Polymer Effects
The individual functional sidechains of the interfacial adhesive proteins adsorb to charged native metal (hydr)oxide surfaces by the generic ligand (ion) exchange mechanisms ( Fig. 2) and thermodynamic considerations discussed previously. The variety and potential combinations of functional groups with mixed adsorption mechanisms allows aquatic organisms to attach to native surfaces with likewise varied and mixed characteristics, an obvious selective advantage. The overall surface affinity of the proteins is amplified by the multiplicity of the interactions, a synergistic ''zippering'' effect, described earlier for mussel adhesion, 2 where adsorption of the first ligand increases the association constants for subsequent ligand adsorption. The result is robust adsorption and a low probability of spontaneous desorption even for weakly adsorbed individual ligands. A monovalent ligand dissociates from its binding site with probability
where [L] is the concentration of ligands, k off and k on are the dissociation and association rate constants, respectively. When N individual ligands are linked through a protein backbone the probability of simultaneous dissociation of N ligands is
Nonetheless, macromolecule adsorption is dynamic and reversible; bound macromolecules can be ''eluted'' by changes in pH, salt concentration, or by ions with a high selectivity coefficient than the adsorbed ion. This is obvious in the practice of protein ion exchange chromatography. Likewise, surface-bound macromolecules can be partially or completely displaced by other macromolecules with higher chemical affinity and/or effective concentration of complex forming functional groups. Hence, adhesive proteins may be able to displace relatively weakly bound humic acids from native surfaces during adsorption. Alternatively, or in addition, tightly bound humic polyions may be exploited by aquatic organisms as preprimers, or conditioning films [ Fig. 6(A) ] onto which adhesive proteins adsorb directly through a combination of electrostatic interactions, ternary metal complex formation [ Fig. 6(B) ], or though diffusive interpenetration and physical entanglement of polymer chains [ Fig. 6(B) ]. Histidines, phosphoserines, and dopa residues are all capable of forming ternary metal coordination complexes. Significantly, as much as 80% of the orthophosphate found in natural water is associated with humic acid as Al(III) or Fe(III) complexes. 97 Polyphosphates in an adhesive protein could associate with surface-bound humic acid through similar metal complexes [ Fig. 6(B) ]. In contrast to electrostatic interactions, such complexes are insensitive to the high dielectric constant of water and to the presence of salts in marine environments.
Surface adsorption of polyelectrolytes from dilute solutions has been well-studied by practitioners of the layer-by-layer approach to forming surface films. 98 The surface adsorption of a polyelectrolyte from dilute solution is opposed by the reduction of the polymer's configurational entropy; in bulk solution, the polymer can explore a nearly infinite set of configurations, a set which is greatly reduced when the polymer is fixed at the interface. The loss of entropy by the polyelectrolyte is more than compensated by the gain in entropy of the displaced surface-bound water and microions, resulting in a net thermodynamic driving force for polyelectrolyte adsorption. 99, 100 In comparison, underwater adhesive proteins adsorb from highly concentrated solutions, perhaps complexed with other proteins. 52 An important implication is that the entropic penalty for surface immobilization may be lower, because the proteins are already in a restricted configurational space. As a result, the net gain in entropy for adsorption of concentrated, precomplexed proteins may be larger than single polyelectrolyte adsorption from dilute solution.
Role of Protein (Polymer) Structure in Interfacial Adhesion
Few experiments have been reported that systematically investigate the role of adhesive protein sequence or higher order structure in interfacial adhesion. A linear polyethylene glycol (PEG) surface anchored with a single decapeptide repeat from the byssal cuticle protein (mfp-1) was compared with PEG surface anchored with a single dopa residue. Both effectively prevented adhesion of cells to Au and Ti surfaces, demonstrating surface adsorption of PEG, though the decapeptide-terminated PEG was slightly more effective in preventing cell attachment in the indirect assay. 54 (Mfp-1 is a coating on the byssal plaque assembly, hence, the repeating decapeptide plays no role in interfacial adhesion in the natural process and its specific sequence would not be expected to be of particular significance.).
Native surfaces have a variety of chemical features in unpredictable patterns. The optimal sequence and structural solution for adhering to these mixed surfaces would be a mixture of proteins with a variety of adhesion-promoting sidechains in random order and sufficient configurational flexibility to allow functional groups to match up with the mixed surface features. In other words, a mixture of random copolymers. To a very limited extent, this seems to be a strategy used by mussels; a dozen variants of one of the interfacial proteins (mfp-3) were identified that varied in isoelectric point and the numbers of dopa and 4-hydroxyarginine residues. 61 The strategy is limited in natural adhesives, because proteins are made by templated polymerization; aquatic organisms do not have the option of random copolymerization.
GLUE SOLIDIFICATION: COHESION
Natural adhesives, by necessity, are excreted or secreted onto the surface of the adherends as flowable, viscous fluids or colloidal suspensions. After application, the glue must quickly solidify to form a load-bearing joint. Mussels are tethered to wet surfaces by a beard of byssal threads. The distal end of each byssus splays into the foamy interior of the plaque-an assemblage of at least six different mussel adhesive plaque proteins organized into a sophisticated thread-to-rock connector (Fig. 7) . The plaque proteins are secreted from distinct areas of the foot in a temporally organized sequence; first, the surface coupling proteins (mfp-3, -5); then, the core proteins (mfp-2, -4); and finally, a cuticle, a hard and protective coating (mfp-1), is applied to the entire thread and plaque structure. 102 The sequential assembly of the mussel plaque is superficially reminiscent of a layer-by-layer approach to surface modification. A new weight-bearing thread and plaque assembly can be formed in as little as a minute suggesting rapid and accurately timed solidification of the construct. How are the various components connected into a cohesive assembly?
Part of the answer is through Fe(III)-L-dopa coordination complexes. A potential cohesive role for Fe(III)-L-dopa complexes in the mussel byssus was established some time ago. 103, 104 Now, precision experiments with Israelachvili's surface forces apparatus (SFA) with isolated mussel adhesive proteins are resolving the contribution of L-dopa-Fe(III) complexes to the cohesive integrity of the plaque and cuticle. Mica surfaces coated with the most abundant (25 wt %) adhesive plaque protein (mfp-2), which occurs in the plaque core, did not cohere unless low concentrations of Fe 3þ and/ or Ca 2þ were added. Fe 3þ increased cohesion five to seven times more than Ca 2þ . 42 Though mfp-2 has a comparatively low dopa content (3-5 mol %), the results suggest that Ldopa-Fe(III) complexes play a role in the cohesive integrity of the plaque core. 105 In general, little is known about the higher order structure of natural adhesive proteins. Mfp-2 is one of the few adhesive proteins with a predicted structure, not from experiment, but from sequence homology-it is comprised of 11 consecutive epidermal growth factor (EGF)-like domains. The fold of each roughly 4 kDa domain is stabilized by intermolecular disulfide bonds and one to three dopa residues. The structural effect, perhaps, is to present an organized array of dopa residues, which may guide efficient and accurate assembly of mfp-2 in the plaque core. In this case, higher order structure must be critical to mfp-2 function or the sequences of the individual EFG-like repeats would have diverged much more than they have. Amino acids with carboxylic acid sidechains (D and E) that can participate in Ca 2þ bridging are scattered through out the mfp-2 sequence and clustered at both termini.
The cuticle of intertidal mussels, a plum pudding of hard submicrometer granules within a soft extensible matrix, contains a single protein component, mfp-1. 106 Purified mfp-1 was lousy glue that did not stick two mica surfaces together. 107 But in the presence of low concentrations of FeCl 3 , the mfp-1 coated surfaces stuck strongly, evidence of Fe(III)-mediated crosslinking. 40 Another set of experiments using in situ resonance Raman spectroscopy demonstrated that trisdopa-Fe(III) complexes were concentrated within the harder granules relative to the softer matrix. 106 Viewed together, the results created a coherent thesis in which the integrity and modulated mechanical properties of the cuticle are due to the density and clustered distribution of tris-dopa-Fe(III) complexes.
The other cohesive contribution of L-dopa within the byssal plaque assembly is covalent crosslinking (Fig. 7) . The two- REVIEW electron oxidation of L-dopa creates a dopaquinone intermediate that undergoes additional reactions through several complicated pathways, including reverse dismutation with dopa resulting in di-dopa crosslinks, addition of nucleophilic sidechains (C, H, K), and conjugation into highly fluorescent, reddish brown to black compounds. Similar chemistry occurs throughout biology, ranging from insect cuticle hardening 108, 109 to the production of black eumelanin and red pheomelanin pigments in mammals. 110 Possible pathways from L-dopa to covalent crosslinks have been described elsewhere. 111 In support, di-dopa 112 and cysteinyl-dopa 113, 114 crosslinks have been empirically observed in mussel byssus. Wilker and co-workers observed a signal from an organic radical in the electron paramagnetic resonance (EPR) spectrum of mussel adhesive plaques that may connect both phenomena-formation of tris-dopa-Fe(III) complexes and covalent dopa crosslinking. The Wilker model suggests a semiquinone radical is formed by the coupled reduction of Fe(III) and one electron oxidation of L-dopa. Subsequent reaction of the semiquinone radical with O 2 forms a second radical that can participate in covalent crosslinking or coupling to an interface. 115, 116 The parsimony of the model is appealing: cohesive integrity is achieved quickly through rapid formation of tris-dopa-iron complexes, slower oxidative decay of dopa-Fe(III) in the presence of O 2 forms permanent covalent bonds, and semiquinone radicals capable of homocoupling into di-dopa are formed directly. Further, preorganization of the adhesive plaque proteins through tris-dopaFe(III) complexes before dopa crosslinking may spatially direct the permanent solidification process. In comparison, cosecretion of a catechol oxidase enzyme 117 seems more expensive, less efficient, and too slow in the viscous and hardening plaque, where diffusion of an enzyme and its substrate would be highly restricted. A reasonable conclusion from the forgoing observations is that a critical, indispensable role of dopa in the mussel byssus is cohesion, primarily through metal complex formation, secondly by covalent crosslinking.
The sandcastle glue of Phragmatopoma californica sets up into a creamy-white, load-bearing, solid foam within 30 s after secretion. 118 The proteinaceous glue contains substantial amounts of phosphorus, as expected from the high phosphoserine content of Pc3, as well as high levels of Mg and Ca. 52 Quantitative elemental analysis demonstrated that the Mg:Ca ratio was 4:1 and (Mg þ Ca):phosphorus ranged from 0.5 to 1.0 (Fig. 8) . Although reported estimates vary, the pH of secretory granules from numerous cell types are acidic. [119] [120] [121] There is no reason to believe that the regulated secretory system of the sandcastle worm is different, and therefore, the contents of the adhesive secretory granules likely experience an abrupt pH transition when secreted into seawater (pH 8.2). As the second dissociation of phosphate (pK a2 7.2) occurs between these pH values, Pc3 would acquire a substantially higher negative charge in seawater. Insolubilization of Pc3 and divalent cations as a result of the pH transition was proposed as the mechanism driving the initial rapid solidification reaction. 52 Water freed by the dehydration of the glue protein could coalesce to form the porous foam structure of the solid glue. The hypothesis was tested empirically with a Pc3 analog methacrylate copolymer with the similar phosphate sidechain density (80 mol %) and same approximate M n (60 kDa) as fully phosphorylated Pc3. 122 At pH 5.0, the phosphate copolymer was completely soluble at Mg 2þ to phosphate sidechain ratios as high as 3:1 but insoluble at 1:1 ratios in artificial seawater at pH 8.2. The pH-triggered insolubilization of polyphosphoproteins with divalent cations is a fail-safe timing mechanism, with minimal biochemical ''moving parts'' that prevents premature solidification of the sandcastle glue within the secretory system, yet ensures rapid solidification after secretion.
As most underwater bioadhesives are products of the regulated secretory pathway, differential solubility between internal and external pH may be a simple and widespread mechanism that drives solidification. The insolubility of purified mussel adhesive proteins, native and recombinant, at and above neutral pH is sometimes mentioned in the context of confounding in vitro experiments, which as a consequence have to be done at acid pH. 42, 123, 124 Perhaps the general insolubility of the mussel adhesive proteins at seawater pH is an additional adaptation that contributes to solidification and byssus cohesive integrity. The pH of the caddisfly larval silk gland has not been measured, to our knowledge, but the lumen of the silk gland of Bombyx mori larvae, silkworms, a terrestrial relative of caddisflies, was reported to be in the range of pH [5] [6] 125 and the rheological properties of silkworm silk are pH-dependent. 126 The presence of Ca 2þ and peptidyl phosphate in caddisfly silk suggest a pH change coupled to extrusion into slightly basic water could contribute to insolubilization of the silk fibers. , and YSZ (dark gray). The glued beads were collected and washed with 10 mM Tris, pH 8.2 to remove seawater, and lyophilized. Background measurements were made with unglued beads collected from the same tank at the same time. Glue was digested in concentrated nitric acid and analyzed by inductively coupled plasma optical emission spectroscopy (Perkin Elmer Optima 3100 XL ICP-OES). To estimate molar ratios of elements and amino acids, previously published amino acid data 4 was normalized to the measured amount of phosphorus, based on the assumption that all serine residues in the cement are phosphorylated.
Sandcastle worm glue turns progressively more reddish brown during the first several hours after secretion, almost certainly due to dopa-mediated covalent crosslinking, becoming tough yet flexible, like shoe leather. Cysteinyl-dopa adducts present in sandcastle glue provide empirical evidence of covalent crosslinking through dopa. 51 Secreted sandcastle glue contains high concentrations of transition metals relative to seawater (Fig. 8) . The Fe concentration, for example, was 6-8 Â 10 5 higher in the glue than in natural seawater 127, 128 and even higher compared with the artificial seawater used in the lab aquarium. The Fe concentrations were estimated to be 1/5 to 1/10th the dopa concentrations, a stoichiometric range consistent with Fe-dopa complexes. The other transition metal concentrations were 10 3 -10 4 -fold higher in the glue than natural seawater. The significance of the transition metals in the sandcastle glue is not known, but their presence suggests metal-dopa or metal-phosphate or metal-histidine complexes could contribute to cohesion, as well as accelerate the nonenzymatic, oxidative crosslinking of the glue through dopa, as proposed in the mussel byssus. In many biochemical contexts, the variety of possible reaction pathways in quinone chemistry would be a liability due to the difficulty of controlling the reactions. In the underwater adhesives of mussels and sandcastle worms, on the other hand, maximizing the number of ways in which complexes and crosslinks can form would be advantageousdopa seems to fit the role well.
Adult acorn barnacles are attached through a layer of glue between the baseplate and substrate only a few microns thick. As barnacles grow during molting cycles, adhesive originating in unicellular cement glands is transported through a radial canal system of ducts to the periphery of the baseplate. 129, 130 The low-viscosity adhesive is initially clear but solidifies and becomes insoluble within 6 h. 131 Whether or not the adult adhesive proteins are synthesized in distinct cell types, how and when they are mixed to form the glue, and the trigger to initiate solidification of the liquid glue are unknown.
The structure of the bulk interior of cured adult barnacle glue has the appearance of a gauze-like fabric, 132 in contrast to the internal solid foam structure of mussel plaques 101 and sandcastle glue. 118 Kamino predicted a fibrous, amyloid-like structure based on the hydropathic profile and predicted bsheet structure of the cp-100k cement protein (Table 2) . 47 The amyloid character of rod-like and nanofibrillar structures were later experimentally observed by AFM and amyloid-specific protein stains. 133, 134 Amyloid proteins are famously insoluble and, indeed, fully cured barnacle glue withstands harsh denaturing conditions; complete solubilization of the glue required treatment with 0.5 M dithiolthreitol (DTT), a strong disulfide bond reducing agent, 7 M guanidine hydrochloride, a protein denaturant, and incubation at 60 C for an hour. 47 The requirement for a high concentration of DTT implies a significant role in cohesion for disulfide bonds between cysteine residues. Regarding the solidification trigger, marine bioadhesives experience a substantial increase in ionic strength on excretion that could provide a reliable trigger for solidification similar to, or in conjunction with the pH jump. Indeed, a synthetic peptide derived from a repeating unit of the cp20k that was soluble at low ionic strength, self-assembled irreversibly into a meshwork of insoluble fibrils when the ionic strength was raised to that of seawater. 135 For completeness, we mention an interesting proposal by Dickinson et al. 136 that solidification of barnacle cement is a specialized form of wound healing. The hypothesis is based on the general similarities in the processes of blood clotting and cement solidification, that is, protein aggregation and crosslinking into fibrils, the broad phylogenetic conservation of the blood clotting biochemical machinery, and the identification of epitopes by western blotting and homologous sequences by tandem mass spectrometry to human trypsin and bovine transglutaminase. Vigorous counter arguments to the theory have been put forward. 137 
SYNTHETIC MIMIC ADHESIVES
The objective of using natural underwater glues, whether gathered, farmed, fermented, or synthesized, for technological purpose has been pursued since at least the late 1960s (see Ref. 138 and references therein) with quite modest commercial success. 139 During the last decade, the adhesion promoting catecholic sidechain of dopa was borrowed from mussels to create several variations of synthetic nonfouling surfaces, 54, 51, [140] [141] [142] [143] to oxidatively crosslink PEG into hydrogels for tissue engineering, 111, 144 and to form a sticky layer on a structured surface to create a wet/dry, mussel/gecko adhesive. 145 Polystyrene, not ordinarily a component of adhesives, was turned into a respectable glue by incorporating catechol sidechains. 58 pH-dependent formation of triscatecholate-Fe complexes, thought to be operational during the formation of the byssus cuticle, has been used to crosslink dopa-terminated PEG into soft gels. 146 Continuing mimetic efforts will likely lead to new mussel-inspired materials that incorporate additional features of the elaborately organized mussel adhesive plaque.
The underwater glue of the sandcastle worm also has been a valuable model for the design of synthetic glues. Synthetic polyelectrolyte analogs with the same sidechain chemistries (phosphates, catechols, and amines) and sidechain molar ratios as the natural glue proteins, mixed in similar proportions as the natural glue, including divalent cations, formed complex coacervates that qualitatively mimicked the entire range of natural glue properties-underwater delivery, wet interfacial adhesion, and triggered solidification. 147, 148 The synthetic adhesive coacervates are self-organized in water, water-borne yet water-immiscible, denser than water, ''wet'' wet surfaces, are ejectable through narrow cannulae, are containers for small molecules, are dimensionally stable after crosslinking fully submerged in water, and can be made inexpensively at scale-ideal properties for underwater adhesives, and medical adhesives in particular. Used to fix rat skull bones, the biomimetic adhesive coacervates did not impede new bone growth, were nontoxic, and did not induce persistent inflammation. 149 Further, adhesive complex REVIEW coacervates with bond strengths several times the estimated bond strength of the natural adhesive were created by incorporating additional phases, a common practice in engineering structural adhesives. 150 In short, principles of material design gleaned by studying biology have been unshackled from biological material and material processing constraints.
CONCLUSIONS
The underwater adhesives from four genera of aquatic organisms well illustrate the uniquely specialized adaptations as well as common features of adhesion to native wet surfaces. The form and function are distinct in each case; forms range from an organized layered structure, formed in a mold, to excreted glue, to drawn sticky fibers; functions range from permanently fixing themselves to a surface, to gluing or taping together rocks into protective shells. The shared physical and chemical features include: (i) minimal surface preparation of native surfaces already ''passivated'' by the spontaneous adsorption of ions, organic matter, and biofilms; (ii) the macromolecular components of the adhesive must competitively displace the ''contaminating'' ions at the interface, or form ternary coordination complexes; (iii) the adhesive proteins are polyampholytes with amino acid compositions strongly skewed toward ionizable (especially amines) and polar sidechains; (iv) the adhesive proteins usually contain post-translationally modified residues, in some cases hydroxylated tyrosine, in many cases phosphorylated serines; (v) coordinative interactions likely dominate electrostatic interactions in importance at the interface; (vi) the adhesives are delivered to the surface as highly concentrated polyelectrolyte solutions and/or colloidal suspensions; (vii) the high-effective concentrations of amino acid sidechains displace low-affinity ligands and create an essentially irreversible polyvalent bond; (viii) surface bound water is not a significant barrier to adhesion by a water-borne adhesive; (ix) excreted adhesives set and/or harden, in some cases in response to a trigger perhaps as simple as a change in the pH, ionic strength, ion composition, or redox potential of the exterior relative to the interior environment.
There is much more to learn about underwater adhesives from aquatic organisms. Further study, branching out from early well-studied models, 48, 151, 152 may improve designs and broaden the utility of biomimetic adhesives.
